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 
Abstract— Phase-sensitive optical time domain reflectometry (
OTDR ) is a simple and effective tool allowing the distributed 
monitoring of vibrations along single-mode fibers. Up to now, 
OTDRs  have been used mostly for the measurement of 
sub-kHz vibrations, normally in the context of intrusion sensing. 
In this work, the authors present an experimental and theoretical 
description of a high-visibility OTDR  and its performance 
when used for ultrasonic vibration measurements. The use of a 
semiconductor optical amplifier (SOA) in the setup allows to 
suppress coherent noise and also to improve the spectral response 
of the pump pulses. These two advantages greatly decrease the 
detected intra-band noise thus allowing frequency measurements 
in the limits set by the time of flight of the light pulses while 
maintaining the simplicity of the scheme, as no post-processing, 
extremely high coherence lasers or coherent detection methods 
are required. The sensor was able to measure vibrations of up to 
39.5 kHz with a resolution of 5 m over a range which could go up 
to 1.25 km. This is the first time to our knowledge that a fully 
distributed measurement of ultrasonic waves was achieved. The 
statistical behavior of the system was also described theoretically 
and characterized experimentally. 
 
Index Terms— Distributed sensor, optical fiber sensors, 
phase-sensitive OTDR, vibration measurements  
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I. INTRODUCTION 
IBER optic distributed sensing technology offers clear 
advantages over conventional point sensors when the 
number of points to be analyzed along a structure reaches 
several hundred [1]. In these cases, distributed sensors should 
normally be preferred due to their low cost per monitored 
point, their simple arrangement and the geometric versatility 
of optical fibers. Distributed fiber sensors nowadays allow 
performing different types of measurements at any point along 
a fiber (strain, temperature, vibration, pressure, etc). Among 
the distributed sensing techniques, Optical time domain 
reflectometry (OTDR) was first demonstrated over three 
decades ago [2,3] and is now a commonly used technique for 
distributed measurement of losses along the fiber (including 
the measurement of fiber attenuation, the location of broken 
points and optical connectors, discontinuities, etc). 
Traditional OTDRs use incoherent light and therefore can 
only measure intensity variations along the fiber. In a 
phase-sensitive OTDR ( OTDR ) however, a pulse of highly 
coherent light is injected into a conventional single-mode fiber 
and the light reflected from different scattering centers 
interferes coherently to produce the detected optical power 
trace [4-7]. Because the position of these scattering centers is 
random, the OTDR  trace typically has random oscillations. 
This random pattern remains constant if the scattering centers 
do not suffer any change. However, in the case of localized 
vibrations, the trace shows variations synchronized with the 
vibration frequency. Due to its potential for fully distributed 
measurement of vibrations which can be used to monitor 
intrusions over large perimeters, OTDR  attracted 
considerable attention for more than two decades [8]. In fact, 
these sensors have been demonstrated in field tests, 
demonstrating enough sensitivity to detect people walking on 
top of a buried fiber [4]. In the literature, conventional 
OTDR  systems have been shown to allow the distributed 
measurement of vibrations over dynamic ranges of a few tens 
of kilometers [5]. Distributed vibration measurements up to 
8 kHz with a resolution of 0.5 m were also demonstrated in 
[6]. In this case, a laser with a linewidth of 4 kHz, coherent 
detection and signal processing methods were required. 
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Trustworthy vibration measurements can only be achieved 
with a good visibility (V=(Tmax-Tmin)/(Tmax+Tmin) where Tmax 
and Tmin are the maximum and minimum values of the trace) 
and high signal-to-noise ratio (SNR) in the trace. The increase 
of the input pump peak power will increase the dynamic range 
and SNR of a OTDR , but it is limited due to the onset of 
nonlinear effects [9]. As for the visibility of the trace, it will 
remain high if the coherence of the input laser is high (in 
comparison to the pulse width) and remains so all along the 
fiber. In temperature sensing, by analyzing the 
cross-correlation of OTDR  traces with different input 
wavelength pulses, temperature and strain measurements have 
also been demonstrated [7]. 
In vibration-based structural damage identification or 
monitoring, ultrasonic waves are sometimes used to detect 
damages in the structure [10]. These waves can reach 
frequencies going from several kHz to MHz. A distributed 
vibration sensor with capacity to detect these waves can 
therefore be required for these applications [11]. In this work, 
the authors present an experimental and theoretical description 
of a high-visibility OTDR  and its performance when used for 
ultrasonic vibration measurements. The main novelty in the 
setup comes from the use of a semiconductor optical amplifier 
(SOA) to achieve high extinction ratio (ER) between pump 
pulses thus greatly decreasing the intra-band coherent noise of 
the setup. Due to spectral hole burning in the active material 
of the SOA, this component also increases the spectral purity 
of the laser in the active state. This combination allows 
performing frequency measurements in the limits set by the 
time of flight of the light pulses while maintaining the 
simplicity of the scheme, as no post-processing, extremely 
high coherence lasers or coherent detection are required. The 
optical intensity distribution in the OTDR  trace is measured 
and the reflectance fading probability is calculated, showing 
good agreement with the theoretical model. The sensitivity of 
the vibration measurement is shown to increase with the 
average intensity of the trace in the measured point as 
predicted. The OTDR  trace was shown to have high 
visibility over a minimum of 9.9 km. As for the vibration 
sensing, the optical power variations of the OTDR  trace were 
shown to be synchronized with applied mechanical vibrations. 
The sensor was able to measure vibrations of up to 39.5 kHz, 
limited by the sampling frequency, with a resolution of 5 m in 
a demonstrated range of 600 m which could go up to 1.25 km. 
If the range is reduced, the system could be used to read even 
higher frequencies. 
 
II. THEORETICAL MODEL OF A HIGH-VISIBILITY OTDR  
A. Signal statistics 
We start by developing here a theoretical model for a 
high-visibility OTDR . This model will allow us to 
understand the performance of the experimental system 
described after. For the theoretical model, we assume that a 
short input pump pulse width (wp) of highly coherent light is 
delivered into a fiber with constant loss (α) and isotropic 
propagation. This pulse reaches the position z in the fiber at 
the time t0/2. The OTDR  signal received from the pulse at 
that position (at the instant t0) will be the sum of the fields 
reflected from the M scattering points contained in section of 
the fiber 
0 g p 0 gz [(t v -w ) / 2,(t v ) / 2]  and will be: 
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Where Vg is the group velocity and 
0 g p
[t v -(w )/2]/2z   the 
position corresponding to the pulse center from which the 
signal is being collected. The mth scattering center has a 
reflectivity [0,1]rm  (normally <<1) and the phase introduced 
in the reflected field by both the optical path and the scattering 
centers is m  (where [0, 2 ]m   is assumed to be uniformly 
distributed). The amplitude of the reflected field will follow a 
Rayleigh distribution, as shown in previous papers [12]. The 
normalized intensity (I) received at the extreme of the fiber, 
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This addition of M (M→∞) wave amplitudes is a random 
walk process and its probability distribution will follow an 
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It is interesting to note that the average intensity of the 
detected field from a given position will be proportional to the 
number of scattering centers M (
0
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within the pulse length at that position.  
As it can be seen there is a certain probability of having a 
close-to-zero signal at a given position (a signal below the 
noise level of the detector, δ). This probability is termed 
“fading probability”, since the system “loses” completely the 
signal at this position. The fading probability (P(IM<δ)) as a 
function of the detector noise level δ will be the cumulative 
probability of the distribution function. 
If a perturbation is introduced in the qth ( [1, ]q M ) 
scattering center with a corresponding phase perturbation of 
θp, then the corresponding intensity variation (I∆) between the 
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As it is visible, the response of the system turns out to be 
generally nonlinear, except for very small values of the 
perturbation θp. The perturbed and unperturbed signals have 
correlated exponential probability distributions. Thus, the 
probability distribution of the intensity variation will be 
Laplace-distributed [13,14] (a different form of exponential 
distribution). In the case of an applied vibration, a OTDR  
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should therefore provide better information regarding the form 
(frequency) of the perturbation than its amplitude. Again, the 
signal variation is proportional to M and the input signal 
intensity. A higher average back-reflected intensity (I) will 
result in higher values of I∆, increasing the sensitivity of the 
system and decreasing the fading probability of the signal of 
interest (I∆). The most obvious solution to reduce the fading 
probability is then to raise the pump power. However this 
approach is limited by the onset of optical nonlinearities [9]. 
 
B. Signal-to-noise ratio (SNR) 
As it has been seen previously, the minimum detectable 
signal will be limited by the noise in the optical detection. 
Two types of noise sources are present in a OTDR  system: 
electrical noise caused by the photodetection process 
(including shot noise and thermal noise) and optical noise 
caused by fluctuations in the input power to the detector 
(introduced by optical amplifiers and coherent noise due to 
leakage of the pulse generation system). In high performance 
photodetectors like the ones available commercially in 
fiber-optic instrumentation, the noise contributions introduced 
by the photodetection process are close to the fundamental 
minimum. Considering usual parameters (pulse peak power in 
the order of hundreds of milliwatts, pulse length of a few 
meters, Rayleigh backscatter coefficient (αRayleigh) of 
-70 dB/m), the SNR given by pure detection processes in a 
100 MHz detector is in the order of 20 dB, using the 
traditional formula [15]. Optical noise is generally much more 
a problem as we will see next. 
For a OTDR  system like the one described in section 3, 
we can consider two main sources of optical noise: 
signal-spontaneous and spontaneous-spontaneous beating 
caused by the backscattered amplified stimulated emission 
(ASE) from the optical amplifiers, and the non-infinite 
extinction ratio (ER) of the pulse generator. Fig. 1 presents the 
power distribution along the fiber for a OTDR  input pump 
pulse with finite ER. Intra-band noise is generated due to the 
fact that there is optical power at the pump frequency outside 
the input pump pulse. The ratio between the peak power of the 
input pump pulse (P1) and the leaked power at the master 
frequency (P2) is the ER of the pulse generator used 
(ER=P1/P2). Considering an incoherent type of noise then: 
Intra-band SNR ER*Lpulse/Lfiber, where Lfiber and Lpulse are 
respectively the lengths of the fiber and of the pulse in the 
fiber. However, if the coherence length of the master laser is 
much higher than the pulse and spreads over the complete 
fiber length (which is the case in most typical high-visibility 
OTDRs  reported in the literature), then the backscattered cw 
component will be interfering coherently with the 
backscattered pulse. In this case the detected power will have 
terms proportional to the input pump power (αRayleighP1Lpulse) 
(signal), the background (αRayleighP2Lfiber) (background noise) 
and the interference of the two 
1 2( )Rayleigh pulse fiberPL P L  
(coherent noise). Considering usual parameters 
(P1Lpulse>>P2Lfiber), the SNR will therefore be: 
( / ).pulse fiberSNR ER L L  (5) 
Putting typical figures, for 10 km ranges and 10 m pulse 
length, it is required an ER of 50 dB to achieve a SNR of the 
order of 10 dB. This is not easily attainable with conventional 
pulsing methods such as the electro-optic modulator (EOM). 
A high ER is therefore essential for reliable measurements. It 
is interesting to notice that an extremely high coherence laser 
will actually perform worse in a conventional system, as there 
is no improvement in the signal once the pulse coherence is 
higher than its length, but there will be an increase in the 








Fig. 1.  Power distribution along the fiber for a OTDR  input pump pulse 
with finite ER. 
 
III. EXPERIMENTAL SETUP AND CHARACTERIZATION OF THE 
HIGH-VISIBILITY OTDR  
The experimental setup used to characterize the 
high-visibility OTDR  (shown in Fig. 2), is based on a minor 
adaptation of the setup presented in [9]. The input pump 
power was adjusted to achieve the best performance and avoid 
nonlinear effects (no spectral signature of MI was observed at 
the fiber end) [9]. A laser diode (LD) with a linewidth of 
1.6 MHz emitting at 1546 nm was used as the laser source. 
The used LD presents a high enough coherence for the 
experiment (LD coherence length ≈ 50 m and the pulse length 
in the fiber ≈ 10 m) but not too high, thus minimizing the 
generation of coherent noise between pulses while maintaining 
the simplicity of the scheme (the LD is driven by a standard 
current and temperature controller) and not presenting the 
technological challenges typically presented by lasers with 
sub-MHz linewidths. An optical isolator (ISO) was placed at 
the laser output to avoid disturbances in the laser coherence 
due to back-reflections. A SOA, with rise/fall times in the 
order 2.5 ns, driven by a waveform signal generator (SG) was 
used to create 50 ns almost square pulses. A polarization 
controller (PC) was placed before the SOA to optimize the 
modulation properties and avoid any polarization sensitivity 
problem. Between the signal pulses, the SOA was negatively 
biased so as to enhance the ER of the delivered pulses. An ER 
of >50 dB was achieved this way. In this configuration, the ER 
has a very high impact in the SNR of the detected trace. An 
Erbium-Doped Fiber Amplifier (EDFA) was used to boost the 
power of the input pulses and reach peak powers in the pulse 
of several hundred milliwatts. In order to minimize the effect 
of the ASE added by the EDFA, we inserted a tunable fiber 
Bragg grating (FBG) working in reflection. The spectral 
profile is the typical spectrum of a 100 % reflection FBG and 
its spectral width is 0.8 nm. For the used settings, the leaked 
4 
This is the author's version of an article that has been published in this journal. Changes were made to this version by the 
publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/JLT.2013.2286223 
 
ASE power is below the leaked power of the master signal and 
therefore the ER decrease is not significant after the 
EDFA+FBG [16]. Before being coupled into 9.9 km of 
SMF-28 fiber (FUT), light passed through an attenuator, 
which allowed varying the input power in the fiber. The 
average optical input power was measured at this position 
using a calibrated tap coupler (not shown in the figure) and the 
signal back-reflected from the fiber was recorded with a 
125 MHz p-i-n photo-detector and a high-speed digitizer. 
Since the OTDR  traces exhibit high-contrast rapid 
oscillations, the detector bandwidth should ideally be much 
larger than the pulse spectral bandwidth. In our case the 
detector has a bandwidth (125 MHz) roughly six times higher 
than the pulse spectral bandwidth which is enough to 
adequately represent the process. In characterizing the 
visibility, we chose a long fiber in order to reliably ensure that 

























Fig. 2.  Experimental setup: Acronyms are explained in the text. 
In this experiment the use of a SOA is very important due to 
the noise suppression between pulses which results in a much 
lower intra-band noise. Furthermore, due to spectral hole 
burning in the active material, the SOA enhances the spectral 
purity of the laser spectrum in the active state [17]. To 
evidence the impact of the SOA in the coherence of the 
launched spectrum, the laser was biased with a noisy current, 
leading to some spectral broadening of the central laser line. 
The spectrum of the laser was observed in an optical spectrum 
analyzer (OSA) before and after passing the SOA (Fig. 3). The 
effect of the SOA is clearly visible as the spectrum after the 
SOA presents a much narrower linewidth (in fact limited by 
the resolution of the OSA of 0.02 nm). In the conventional 
settings, the SOA helps to reduce noise introduced by the side 





















 Laser Spectrum after SOA
 Laser Spectrum before SOA
 
Fig. 3.  Spectrum of a low coherence laser before and after passing through 
the SOA. Spectral hole burning in the SOA leads to a narrowband 
amplification of the central laser line, allowing a large reduction of 
side-mode noise. 
The main picture of Fig. 4a shows a OTDR  trace recorded 
with an input pump peak power of ~400 mW. In the inset 
figure the same trace is shown but the losses along the fiber 
have been numerically eliminated to improve the 
visualization. The trace displays the expected random 
oscillations around the average reflected power. The top figure 
shows the visibility of the OTDR  interference signal along 
the fiber, calculated as indicated in the figure caption. Despite 
the fact that the amplitude of the oscillations and average 
reflected power decrease exponentially along the fiber due to 
the losses, the interference does not loose contrast along the 
propagation (the visibility remains close to 1). Since the 
sensitivity of the OTDR  depends mostly on the visibility of 
the interferences, we can conclude that it remains high along 
the complete fiber length, although a normal decrease of 
sensitivity is expected towards the fiber end due to the pump 
pulse power attenuation along the fiber. The power limit 
(which ensures the maximum possible signal amplitude while 
avoiding nonlinear effects) obtained in this experiment will be 
later used also as the power limit for the shorter fiber. This 
way we ensure no visibility impairment due to modulation 
instability [9]. 

























































































































Fig. 4.  (a) OTDR  interference signal along the FUT for an input pump 
peak power of ~400 mW (inset figure: same OTDR  signal where losses 
along the fiber have been eliminated to improve visualization). The top 
figure shows the visibility of the OTDR  interference signal. The visibility 
is computed as V=(Tmax-Tmin)/(Tmax+Tmin) where Tmax and Tmin are the 
maximum and minimum values of the trace over a window of 40 m. (b) 
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Experimental (5*106 traces obtained under the same conditions of the one 
presented in fig. 4a over ≈10 min) and theoretical optical intensity 
distribution in the OTDR  trace (inset figure: cumulative probability 
function). 
To characterize the intensity statistics and the fading 
probability in our setup, we obtained a histogram of the 
normalized intensities obtained from each position (fiber 
losses are numerically compensated) for 5*106 traces obtained 
under the same conditions of the one presented in fig. 4a over 
≈10 min. The histogram is presented in fig. 4b. The beginning 
and end points of the fiber were excluded to avoid taking into 
account connector reflections and splice-induced reflections. 
The theoretical distribution curve (exponential) is also 
presented showing a good agreement with the experimental 
results. For low and high powers some discrepancies are 
observed which we consider acceptable given the bandwidth 
limitation of the detector and the perturbations induced by 
noise (they become relevant four orders of magnitude below 
the peak). The inset figure in fig. 4b presents the cumulative 
probability function of the histogram, i.e., the reflectance 
fading probability for each optical power level. Again, a good 
agreement between the theory and the experimental results is 
obtained. 
 
IV. VIBRATION MEASUREMENTS 
Vibration measurements are carried out by measuring 
consecutive traces and obtaining the power evolution as a 
function of time in each point along the fiber. The sampling 
frequency at each position corresponds therefore with the 
frequency at which the pump pulses are launched into the 
fiber, which is limited by the maximum length that can be 
inspected. As an example, to monitor 1 km of fiber requires 
that the pulse repetition rate is below 100 kHz (each trace is 
10 s long), which limits the maximum readable frequency at 
each position to 50 kHz. For the ultrasonic vibration 
measurements, the FUT was replaced with 600 m of SMF-28. 
Due to the limited re-trigger capability of our acquisition 
system, the pulse repetition rate could not be made larger than 
80 kHz and therefore the maximum readable frequency 
corresponds to 40 kHz as given by Nyquist theorem. The far 
end of the fiber (around meter 590) was glued with tape inside 
a PVC tube 2 m long and 0.08 m of diameter in which 
mechanical vibrations of different frequencies were applied 
using a small vibration exciter with a maximum bare table 
acceleration of 736 ms-2 (with a 75 g mass attached). The fiber 
was clamped outside the tube in order to avoid the propagation 
of vibrations outside it. The optical power variation of the 
OTDR  signal was monitored for the meter 590 (inside the 
tube) along consecutive traces. We started by using a 20 Hz 
vibration and monitoring with a sampling rate of 20 kHz 
during 5 s with no post-processing. This gives us traces with 
very good SNR in the spectral domain, which allows us to 
characterize the statistical response of our system without 
being impaired by noise issues. The first 500 ms of the optical 
power variation are presented in fig. 5a. A clear pattern with 
peaks synchronized with the applied frequency is observed. 
The Fast Fourier Transform (FFT) of the optical power 
variation at the shaker location is presented in fig. 5b. A clear 
peak at 20.3 Hz appears, as well as smaller peaks in the 
second harmonic (40.6 Hz), and multiples of half of the 
fundamental frequency (10 Hz, 30 Hz). This nonlinear 
behavior is partly related to the non-linear response of the 
OTDR  itself and also to the mechanical response of the tube. 
Anyway, given the amplitude difference between the peaks, it 
can be envisaged that to some extent this nonlinearity can be 
corrected if the input stimulus is not too big. Considering the 
input pump pulse width (50 ns) the expected resolution should 
be of 5 m. This is in agreement with our measurements since 
when the monitored position was more than 5 m away from 
the shaker position, the optical power variations and respective 
FFTs no longer showed sensitivity to the applied vibrations. 

















































Frequency (Hz)  
Fig. 5.  (a) Optical power variation along time and (b) FFT of the optical 
power variation of the OTDR  signal in the position correspondent to the 
meter inside the tube (590 m) for an applied vibration of 20 Hz. 
To characterize the sensitivity statistics of the OTDR , we 
varied the center frequency of the LD over a range covering 
20 GHz (160 pm). This was done by changing the bias current 
settings in the LD over a range of approximately 35 mA (with 
A resolution). This allows us to record the vibration at the 
position of the shaker with varying settings in terms of 
average detected intensity (as the relative phases depend on 
the frequency of the laser, the interference in the shaker 
position experiences many maxima and minima over this 
sweep). For this entire sweep, we continuously recorded the 
amplitude of the applied 20 Hz mechanical vibration. Fig. 6 
presents the normalized amplitude of the peak of 20 Hz in the 
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FFT of the optical power variation in the shaker position as a 
function of the average optical power recorded in that meter. 
Both axis were divided by the average optical power recorded 
in order to compare equally all the points. The figure clearly 
shows that the sensitivity increases for higher average optical 
powers of the OTDR  trace in the measured point, in 
agreement with the theoretical model. In addition, the 
histogram shown on the right again displays the expected 
exponential behavior. 
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Fig. 6.  Normalized sensitivity of the measurement as a function of the 
normalized average optical power of the OTDR  trace in the measured point 
(left) and its histogram (right). 
In order to test the limits of acquisition of the system, the 
sampling rate was increased to 80 kHz (maximum allowed due 
to the trigger holdoff of the acquisition system, 12 μs) and the 
acquisition time reduced to 1 s. Fig. 7 presents the FFT spectra 
of the optical power variation recorded by the OTDR  at the 
position of the shaker (590 m) when the frequency applied to 
the tube is raised from 2 kHz to 39.5 kHz. The recorded 
spectra showed clearly visible peaks in all the applied 
frequencies, with higher SNR and also higher non-linearity for 
lower applied frequencies. This corresponds to the fact that, as 
the frequency is reduced, the tube displacement is larger. For 
the maximum frequencies tested, the estimated displacement 
of the tube is in the sub-micrometer range, which illustrates 
clearly the extreme sensitivity of this technique. At low 
frequencies, multiples of 50 Hz are observed below 500 Hz 
which we believe could be owed to the mechanical actuator. 
Considering the clearly visible peak at 39.5 kHz, we believe 
that higher frequencies could still be recorded with higher 
sampling rates (not attainable with our acquisition system and 
this fiber length). Furthermore, although measurements were 
demonstrated in a fiber span of 600 m, considering the 
previously demonstrated high visibility of the system in longer 
distances, no problem should be envisaged in extending the 
monitored fiber span to 1.25 km (limit allowed by the 80 kHz 
sampling rate), if the trigger hold off of the acquisition system 
could be reduced to zero. It is worth mentioning that the 
presented spectra are not averaged or treated in any way, 
which means that the performance of the sensor could be 
increased with the proper data treatment for specific 
applications. 
 
Fig. 7.  FFT spectra of the optical power variation of the OTDR  signal 
along time in a given meter for an applied vibration from 2 kHz to 38 kHz 
with intervals of 2 kHz, 39 kHz and 39.5 kHz. 
 
V. CONCLUSIONS 
In this work, the authors have presented an experimental 
and theoretical description of a high-visibility OTDR  and its 
performance when used for ultrasonic vibration 
measurements. The use of a SOA allowed signals with high 
SNR and the OTDR  trace was shown to have high visibility 
over the entire sensing range. The optical intensity distribution 
and the reflectance fading probability in the OTDR  trace was 
measured and found to be in good agreement with the 
theoretical model. The sensitivity of the vibration 
measurement is shown to increase with the average intensity 
of the trace in the measured point as predicted. An exponential 
distribution of the sensitivity was also found, again in good 
agreement with the theoretical expectation. As for the 
vibration sensing, the optical power variations of the OTDR  
trace were shown to be synchronized with applied mechanical 
vibrations. Frequency measurements in the limits set by the 
time of flight of light were achieved while maintaining the 
simplicity of the scheme, as no post-processing, extremely 
high coherent lasers or coherent detection were required. The 
sensor was able to measure vibrations of up to 39.5 kHz, with 
a resolution of 5 m in a range which could go up to 1.25 km. 
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